Introduction
The particular physical and chemical properties of beeswax, such as its malleability with warmth and workability at low temperature, 1 its accuracy when modelled and very low shrinkage 25 when cast, 2 its capacity to be mixed with resins and lipids and to be colored, 1-3 its hydrophobic quality and relative stability over time, [4] [5] justify the interest shown over centuries by artists who chose to adopt this material to shape, by modelling or molding, a wide variety of figures and portraits. In Europe, in the 18th 30 century, the production of long-lasting wax-cast sculptures was based on a long artistic tradition. [1] [2] [3] [4] [6] [7] The study of two very similar figurines belonging to the Museu Nacional Machado de Castro collection in Coimbra, Portugal (Inventory numbers E657 and E658) offered the unique 35 opportunity to verify aspects inherent to the techniques employed in the production of multiple copies in wax casting, in the 18 th century. 8 Both artworks are absolutely identical from an iconographic perspective and very alike as to the general shape. They represent Francis of Assisi in the round as an emaciated 40 Lesser Brother living in poverty, clad in a rough homespun garment and barefoot. The Stigmata he received in 1224, two years before his death, are visible. Each figurine stands on a cylindrical pedestal imitating marble, achieved with a blue (E657) or a red veining (E658), and the two bases are framed by Rococo Figurine E658 with a red veined marble -Scale bar: 10 cm 30 XRR and NR are non-invasive and complementary techniques used in Art and Cultural Heritage. 10 Both enable the assessment of objects internal structures as these techniques are based on the principle of attenuation of radiation by matter: while the former detects high-Z elements, the latter is sensitive to low-Z elements. 35 X-rays are electromagnetic radiation, which interacts with matter by three processes: fotoelectric effect, Compton or pair production depending on the energy of the incoming radiation, and the atomic number of the atoms. Neutrons are particle radiation and interact through collisions with the nucleus of the atoms. Atoms with low 40 Z such as hydrogen have a higher inter-action cross-section, which means that the lower the penetration depth the lower the atomic number and vice versa. [10] [11] [12] With regards to NT, the technique relies on the computation of transmission images from different viewing angles and is used to 45 reconstruct virtual cross-sectional transaxial images of the inner structure of the examined object. 13 EDXRF is also a well-established technique in Cultural Heritage studies as a non-destructive suitable tool for elemental characterization, being applied to all sorts of artworks. [14] [15] [16] [17] This is 50 an elemental technique, based on the ionization of the atoms of the samples by an X-ray source. Nowadays, portable EDXRF spectrometers are available, enabling in situ non-destructive analysis and an unlimited number of measurements since no sampling is needed. The drawbacks of this technique are the low 55 efficiency for light elements and only elemental information is given. For these reasons, it is necessary to complement the obtained data by techniques sensitive to light elements, namely to those of organic compounds, and other techniques for molecular information. Prior to any sampling, EDXRF is the preferred 60 technique as a starting point of the study. [14] [15] [16] [17] SEM imaging is well suited because it affords threedimensional views of surfaces and particles with high magnifications and great depth of focus. SEM-EDS has also proved suitable in the study of samples collected from pictorial 65 layers, whatever the substrate over which they were applied. Besides enabling major element point analysis, this technique can provide elemental mapping; which allows a better understanding of the connection existing between the elements at a molecular level. SEM-EDS is also a valuable technique to afford information 70 on metal coatings, whatever the metal or the alloy analyzed, to determine their quality, thickness and fineness. [18] [19] [20] GC/MS is another suitable technique for this kind of research. This technique is particularly well adapted for the chemical analysis of complex mixtures and is effective for a large variety of 75 compounds after adapted sample preparation. 21 After the separation by gas chromatography the compounds are detected by mass spectrometry. The data can be used either as fingerprint to prove material identity or to obtain structural information and identify individual compounds. Natural waxes, as specific class of 80 lipids, very stable over time, and natural resins, are of extreme interest in Cultural Heritage. Analytical methods based both on HTGC/MS and GC/MS are regularly used to identify these materials in archaeological findings and artworks. [22] [23] [24] [25] [26] Micro-Raman spectrometry was also selected because it 85 enables the identification of molecules and their functional groups through their spectrum of vibrational modes. This technique is highly effective in identifying unknown materials, both organic and inorganic, since molecular group frequencies and crystal lattice modes lead to unique vibrational spectra for different 90 materials, and even for materials that are compositionally identical but differ in either connectivity. In Raman spectroscopy, photons of a single wavelength interact with the molecules and are either reflected, absorbed or scattered. Relevance is given to the scattered photons: the incident photon interacts with matter and its 95 wavelength is either shifted lower or higher (red or blue shifted, respectively). Raman spectrometer integrated with an optical microscope enables the analysis of microscopic samples or microscopic areas of larger samples. The advantages are that much less samples are required and certain effects may also be 100 enhanced over very localized regions. As not every molecule or functional group exhibits Raman scattering, factors such as the polarization state of the molecule (which determines the Raman scattering intensity) must be considered. The greater the change in polarizability of the functional group, the greater the intensity of 105 the Raman scattering effect. This means that some vibrational or rotational transitions, which exhibit low polarizability will not be Raman active. They will not appear in a Raman spectra even though they might be present; this is the main limitation of the technique.. Raman microscopy has also been used to 'authenticate' 110 painted objects by identifying the palette used in their creation and noting any date-marker pigments. [27] [28] Raman spectroscopy was successfully applied to the characterization of polychrome sculptures. [29] [30] [31] Micro powder XRD allows the identification of crystalline 115 solids based in their atomic arrangements. It can be used in a small area on the surface of the artifact or in very tiny samples. 
Methodology
In a research aiming at better understanding the implementation of permanent wax-cast copies produced from a sculpture with a complex shape and a polychrome appearance, there are three main steps that must be taken into account: casting, assembling and 30 finishing. In what concerns casting, the quality of the molding procedure depends greatly on the cast material and its properties, namely its behaviour at the pouring stage and after cooling. Assembling implies to understand well the types of joints that can be used. Finally, in finishing involving polychrome and textured 35 effects on three-dimensional artworks, special attention has to be given to any pigments previously combined with wax to obtain a variety of integral colors, and to any material used afterwards in the surface treatments to reproduce the specific tactile and visual qualities of rough, bright and/or reflective matters. 40 On one hand, technical literature was consulted to establish the contemporary processes used to cast small and large sculptures. Recipes related with 'modelling wax' were duly noted as these were thought to closely resemble those in usage for molding and for lost-wax casting to duplicate metal artworks from an original 45 model. 26, 32 On the other hand, a multi-analytical approach was carried out by means of microscopy and spectroscopic techniques, bearing in mind three objectives: 1) to have an in-depth characterization of the materials and techniques used; 2) to allow for a systematic comparison to be drawn between the two 50 figurines and verify how far their manufacturing processes were the same; 3) to verify whether the concrete results of this casestudy are pertinent to the material and technical particulars on wax casting from the 18 th century. This was conducted in a two-step procedure, first carrying out non invasive examination and 55 analysis in situ, and then microscopic optical imaging and analysis at the laboratory, on a selected number of micro-samples collected on well representative areas of the artworks.
The figurines were recorded at the museum by digital photography with a Nikon Coolpix L120 camera (14.1-megapixel 60 superzoom), sporting a 21x optical zoom lens (25-525 mm) and including a 1 cm macro mode. Records were first gathered under normal illumination in direct and raking light to enlighten the specific state of preservation of each figurine, the range of the obtained colors and effects, their texture and brilliancy; secondly, 65 under ultraviolet (UV) excitation in order to observe the fluorescence the materials may emit under long-wave UV, nearby 370 nm. The main observation is that the highly textured frock of St. Francis was obtained by the application of fibers in one of them (E657), and by the use of coarsely ground pigments at the 70 very surface in the other one (E658). The figurines were also weighed on a DHAUS GT8000 portable precision balance (with readability down to 0,1 g) and an unexpected result showed that there is a significant difference of weight between them. Although there are a few losses on the figurines' members, in the back of the 75 frocks and in the pedestals edges, that also deviate the figurines from their resemblance, these lacks of matter can hardly justify a difference of more than 100 g between the two objects. This outcome, which may be related with the specific inner structure of each figurine, will be further discussed. Taking advantage of the 80 aforesaid losses (rather due to handling and mechanical impacts than to chemical deterioration), it was possible to have a first idea of how the figurines were constructed, even though their joints could not be observed. Table 1 summarises the preliminary data concerning the two artworks, here identified according to the 85 museums records: E657 and E658 respectively. Digital X-ray radiography (XRR), Neutron radiography (NR) and Neutron tomography (NT) offered the possibility of looking at the 5 inner structure of both objects. They were considered good complementary tools to assess different densities within wax and material thickness, and to visualize the joints. Front and side views were taken by means of XRR aiming at unveiling the way the distinct parts were cast and hold together, and the type of eyes 10 used to give the figurines their glassy stare. As non-destructive technique suitable to visualize hydrogen-rich substances and organic artefacts, NT was also performed. Tomographic views were obtained on one of the statuette for providing a better qualitative analysis through visual inspection of 3D images, 15 according to the different plans of projection. With regards to XRR, the X-ray generator used corresponds to an Yxlon Smart 160E X-ray tube operating at 40 kV, 6 mA for 300 s, 40 kV, 6 mA for 600 s and 60 kV, 6 mA for 600 s, at the invariable distance from the object of 2 m. The image contrast 20 was improved by increasing the exposure time and the penetration depth was improved by increasing the beam energy. The digital image capture devices were reusable medium-sized photostimulable phosphor plates (37 cm x 43 cm), that after being radiated, were scanned by means of a computer's imaging 25 software via the SCANNA Durr NDT -CR 35sec. scanner.
In what concerned NR and NT, the tomographic equipment is located at Instituto Tecnológico Nuclear-IST in Sacavém, the only one available in Portugal. It is installed at the thermo column of the Portuguese Research Reactor. It consists of a CCD camera, a 30 scintillator screen connected to a computer which controls the camera and the rotating table on which the samples are placed. The 3D-tomography records were obtained by combining 200 individual images (thomos) every 0.9 o . The figurine was examined by means of thermal neutron beam (0.025 meV; 5 cm 35 diameter) and positioned as close as possible to the scintillator screen. The softwares used for image reconstruction consist in Octopus for the visualization of 3D images and VG Studio Max for metric measurements.
The thicker parts of the figurine (body and pedestal) provided 40 no useful records inasmuch as they were totally opaque to the neutron radiation. On the other hand, XRR put in evidence high Z materials inner structures which played a structural role. This will be discussed in the next points. 45 
Portable Energy Dispersive X-ray Fluorescence
In a preliminary approach, portable EDXRF was applied in situ to search for elemental composition of all the constitutive parts and verify the coherency of the results between the figurines. The spectrometer consists on an Eclipse IV Oxford Instruments 50 X-Ray tube (45 kV, 50 µA, 2.25 W max.) with a Rh anode. The radiation is collimated by a tantalum collimator allowing a 5 mm diameter beam on the sample, placed at 7 mm distance from the tube and the detector. The detector is an Amptek XR-100SDD with a 25 mm 2 detection area collimated down to 17.12 mm 2 and 55 500 µm thick fully depleted, and with a 12.5 µm Be window. The energy resolution is 140 eV at 5.9 keV and the acquisition system is Amptek DppPMCA. The angle between the incident and emitted beam is 90°. The sample was positioned at the focal point of two laser beams. The X-ray generator was operated at 40 kV 60 and 40 µA, during 150 s. A dispersion spectrum obtained on a pure Carbon sample shows the presence of low intensity peaks of Ti, Ni, Cu and Zn. These peaks arise from the setup, more likely from inner parts of the X-ray tube (anode, window, collimators, electrostatic lenses, 65 etc.). This was taken into consideration when performing the interpretation of the spectra. 70 SEM imaging (Backscattering Electron and Secondary Electron modes) was undertaken on well representative samples examined in longitudinal-and cross-section, for high magnification records (25-5,000×), chemical contrast and topographical aspects. Area and point analyses were carried out by Scanning Electron 75 Microscopy coupled with Energy Dispersive Spectroscopy (SEM-EDS), equipped with mapping facilities, to provide data on all materials employed to achieve the chromatic effects (inerts, pigments and metal coatings). Particular attention was given to gilding found on the two pedestals in order to distinguish the kind 80 and fineness of the alloys used. Measurements by SEM-EDS were always performed at least three times in the same areas, in order to ensure statistical relevance and allow a comparison to be drawn between the metal coatings of the two statuettes. The quantitative concentrations were not round up to the nearest whole number and 85 two digits were maintained, in order to be as closer as possible to the original carat evaluation.
Laboratory Investigation

SEM and SEM-EDS analysis
Examination and analyses were carried out using a Hitachi S3700N variable pressure scanning electron microscope coupled with a Bruker XFlash 5010 SDD detector. Standardless point 90 analysis, compositional maps acquisition and data treatment were run on the graphical user interface of the analytical software suite ESPRIT from Bruker. The samples were placed on the sampleholder with a double-coated conductive carbon tape. Variable pressure was used to avoid coating. The pressure used was 40 95 mPa (so secundary electrons were not used), and the beam energy was mainly 20 kV.
Micro-X-Ray Diffraction
Micro-X-Ray Diffraction (µ-XRD) was applied to have 100 complementary data on the pigments phases which could not be performed by other means.
Micro-XRD was performed using a BRUKER AXS D8 Discovery diffractometer with a Cu Kα radiation source and a BRUKER Lynx Eye one-dimensional detector. Diffractograms 105 were obtained in the interval 5-75º 2θ, step of 0.05º, time per step of 1 s. The identification was performed with DIFFRAC.EVA software package using the ICDD PDF X-ray patterns database.
Gas Chromatography with Mass Spectrometry
110
For High Temperature Gas Chromatography with Mass spectrometry (HTGC/MS), the system was composed of a Thermo Scientific TRACE GC Ultra chromatograph coupled to a Thermo Scientific DSQ II quadrupole mass spectrometer. The separation was achieved using a 30 m x 0.32 mm ZB5-HT capillary column 115 (Phenomenex), resistant to high temperatures (410 °C max), coated with 0.1 µm of 5% diphenyl/95% dimethylpolysiloxane. The carrier gas was helium at a constant flow rate of 2 ml/min. Injector temperature was 280 °C and the sample (1 µl) was 15 injected in splitless mode (0.5 min). The oven temperature was programmed from 140 ºC to 390 ºC at 10 ºC/min and maintained at 390 ºC for 5 min. The MS transfer line and ion source temperatures were 350 ºC and 250 ºC respectively. The mass spectrometer was operated in the electron ionization (EI) positive 20 mode (70 eV) with a scan range from m/z 35 to 1,000 at 2 scan/sec. Samples (typically 1 mg) were trimethylsilylated with 0.5 ml of BSTFA/pyridine (50/50) for 30 min at room temperature. The excess of reagent was then removed using a rotary evaporator and 25 the dried residue was dissolved in 1 ml iso-octane.
For GC/MS after acid methanolysis and silylation, the system was composed of a Hewlett Packard HP 5890 chromatograph coupled to a Hewlett Packard HP 5973 quadrupole mass spectrometer. The separation was achieved using a 30 m x 0.25 30 mm RTX5-MS capillary column (Restek) coated with 0.25 µm of 5% diphenyl/95% dimethylpolysiloxane. The carrier gas was helium at a constant pressure of 100 kPa. Injector temperature was 300 °C and the sample (1 µl) was injected in splitless mode (0.5 min). The oven temperature was kept at 40 °C during 1 min, then 35 programmed from 40 ºC to 130 ºC at 10 ºC/min and from 130 °C to 300 ºC at 2 ºC/min. The MS transfer line, ion source and quadrupole temperatures were 310 ºC, 230 ºC and 150 °C respectively. The mass spectrometer was operated in the electron ionization (EI) positive mode (70 eV) with a scan range from m/z 40 35 to 650 at 2 scan/sec. Samples (typically 1 mg) were taken up in 0.5 ml of methanolic HCl (0.4 M) and heated at 80 °C for 24 hrs. Thereafter, HCl was neutralized by adding pyridine (5 µl) and methanol was removed using nitrogen stream. The residue was then trimethylsilylated 45 with 0.5 ml of BSTFA/pyridine (50/50) at 80 °C for 2 hrs. The excess of reagent was then removed using a rotary evaporator and the dried residue was dissolved in 0.5 ml iso-octane. 50 Micro-Confocal Raman spectroscopy (µ-Raman) was useful as complementary molecular technique to determine the inert and pigments employed to give the statuettes their final appearance.
Micro-Confocal Raman spectroscopy
Raman spectra of the coloring materials were measured on micro-samples by means of a Horiba-Jobin Yvon Xplora confocal 55 spectrometer, using a 785 nm laser diode and an entrance slit of 100 µm. The collected scattered light was dispersed by a 1200 lines/mm grating onto an air cooled CCD array of an AndoriDus detector. A 100x magnification objective with a pinhole of 300 µm was used to optimize the spatial resolution and the Raman 60 intensity. Particles of Pigment were selected with the help of a microscope. To reach an accurate identification of the materials under study, a polynomial baseline correction was carried out on the measured Raman spectra to remove the fluorescence contribution. The identification of pigments was made with 65 accuracy by using literature [33] [34] [35] [36] and several spectral databases (Crystal Sleuth, Spectral ID) implemented with some of our own references spectra (pigments provided by Kremer).
Results and Discussion
As previously referred, the figurines were cast from an original 70 three-dimensional model. As this has not come to light, its material composition is unknown. Models could have been made in a variety of materials, such as carved wood, plaster, clay, wax or cast metal. [1] [2] [3] [4] [6] [7] For multiples which show slight changes in form, it is likely that either a clay or wax prototype, freshly 75 modelled by hand, would have been used. It is easy to simplify the shape of such works made of tender materials prior to their casting, by simply cutting off any protruding parts and by casting them separately, as independent components.
The complex shape of the artworks under study induced that 80 their casting was based on a rationalised sectioning of the model to avoid undercuts. It is noteworthy that it allowed also the use of different colored waxes, the shade of which would depend on the element to be reproduced: pink for an uncovered part of the body, brown for the cloth and mainly white for the pedestal. 
Casting
Each sculpture is a sixteen-parted artwork. Ten parts were used to build up Francis' shape: the habit, the fall of the cowl, the cowl itself (lost in both artworks), the head, both arms, hands and feet (Figs. 1, 3); three were needed for the pedestal: the cylinder 90 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Journal of Analytical Atomic Spectrometry Accepted Manuscript forming the base and the bottom edge made of cardboard and wax ( Fig. 2a , layers 2, 3); the latest three correspond to the knotted cord girdle the friar wears, made of twisted natural fibers imitating a true cord, and the eyes inserted into the face to give a glassy stare (Francis was almost blind in 1224) (Figs. 3, 7a, 8a). 5 
Molds
According to the technological sources, [1] [2] [3] [4] 6 it is expected that each section was cast separately by means of reusable univalve, twopart or multiple-part molds (called 'à bon creux' in French 1 ) 10 depending on the complexity of each element to be replicated. It is believed that for elements which present a hidden and flat edge -feet and arms-, univalve type molds were used, capable of producing at once the desired shape. For the remaining elements created in the round, two-part molds were necessarily employed - 15 if not multiple-part molds-to overcome the undercuts and protrusion issues. According to the literature, mother plaster or terracotta molds were used. These porous materials would have been dampened to prevent wax from sticking to the mother mold and aid the removal 20 of the cast once set. However, some authors recommended that the inner face of the mother mold, whatever the material used, be coated with a vegetal oil as a release agent. [5] [6] [7] [37] [38] 25 Most of the elements were solid cast. This is the case regarding the smaller parts to give them more durability.
Solid cast elements
As the main sections and axis of the figurines, the body and pedestal are also solid but they were not cast in one go. They were fabricated in a two-step procedure, by pouring wax 'à la volée' to 30 create outer shells, and then wax 'au noyau' to form dense cores and strengthen these structural elements. 1 The first X-ray radiograph readily showed up a slight difference in contrast between the two figurines imaged in the same condition, and inhomogeneous cast of the saint's body with some regions denser 35 than others ( Fig. 4 ). These two situations, fully justified in a task performed manually, are obviously debatable points which will be further discussed. X-ray images also revealed that, a few millimeters from the figures' outer edges, the inner part is especially dense, full of filings maintained in suspension in the 40 midst of wax. This procedure was put in evidence by increasing the voltage beam of the X-rays, which helped to observe with more accuracy the filings ( Fig. 5 ), definitely opaque to the radiation. Filings are present in several forms:(a) fine and coarse metal powders, resulting from the finishing touches put to any 45 metal piece of work with a file, which leaves an impression of a cloudy substance on the X-ray records; (b) fettled metals, resulting from the clipping -or fettling-of rough hedges in metalcast works, recognizable by their irregular features; (c) and thin strips of waste metal resulting from line engraving with a burin 50 (supposedly performed on copper plate for being the favourite metal plate used by engravers up to about 1820), which tend to have a spiral shape. So these filings may have been reclaimed from a wide range of pure metals or alloys, such as iron, copper, tin, lead, zinc, brass alloys, bronze alloys, and even steel (much in 55 use from the late 18 th century onwards, when line engraving on steel plates for example became a mechanically assisted manufacture 39 ).The accurate chemical composition of the fillings could not be determined due to the fact that they are deeply embedded within the objects. 60 Textual evidences for eighteenth-century artistic practices as to the use of filings in wax were not found in the contemporary literature. 7 Even though, it is believed that the use of filings within the figurines may have played several roles: (a) to increase the weight of the statuettes and their stability (hence perhaps the 65 difference already mentioned regarding the global weight of each object -cf. Table 1 ); (b) to improve the thermal behavior of wax by manipulating its specific heat capacity with that of metals; (c) to increase the wax endurance to cast defects and cracks.
Internal features were also explored using Neutron tomography 70 which put in evidence the different densities of the wax, not only from different image transparency but also from the pseudocoded coloration. From these, it was possible to infer the theory on the casting technique à la volée in which a different density between the outer wall and the core is observed. Also, spotty 75 darker structure observed at the torso-level ( Fig. 6 ) suggests that the molten wax used for the core did not consolidate homogeneously, not only due to the presence of the fillings but also to the potential formation of air bubbles at the pouring stage. 80 
Half-void element
The base was also manufactured following the procedure already described for the body. The pedestal was first cast 'à la volée' to form an outer shell of a predominant white (E657) or pale pink color (E658), deliberately bright to get an appropriate basis for 85 imitating marble ( Figs. 2a, 11 ).This hollowed cast element, close on the top, was used at this stage to fasten the saint's body and the base together by means of rods, as discussed below. Only then, the cylindrical volume of the pedestal was reinforced by pouring inside another batch of wax to hold the rods tightly. The base 90 remained half-void, as it was observed in a loss existing on the bottom of the blue veined pedestal (E657). The second batch, partly visible at naked eye in the aforesaid gap, is made of a waxy substance of a yellow-grayish color, similar to that of unrefined beeswax. Although the outer shell of the pedestal is loaded with 95 white lead (further discussed), X-ray images of both statuettes showed that the upper half of the base has a higher density than the lower half which remained hollowed (Figs. 2b, 4, 5).
Hollowed cast element 100
Amongst all the cast element, saint Francis' head is with no doubt the one which was conceived to remain hollowed. X-ray images revealed this particular aspect by increasing the voltage beam as this was performed for unveiling the filings present in the saint's body. Figures 7b-7d and 8b illustrate here how detailed were the 105 records obtained by XRR compared to the complementary ones obtained by NR ( Fig. 6 ). Even the voids managed at the mouth and nostrils-level are perceived. This depiction is of extreme interest in view of the careful rendering of St. Francis' anatomical features and its considerably reduced dimensions. Here lies one of 110 the most important characteristic of wax for artistic purposes, which is its capacity to afford a remarkable mimetic likeness far surpassing that given by any other material. It appeared also clearly that the hair were placed afterwards, duplicating the outer walls of the head. After examining the head by NT by multiple 115 view angles, the cross-sectional/transaxial images of the head were produced using the software Octopus. Figure 6 presents ortho-slices (in the coronal, sagittal and transaxial directions) of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 the color-coded images produced from the reconstruction process, 20 where the colors indicate pseudo-density of the wax-cast head. In this specific case, darker and blue areas indicate regions with a major attenuation coefficient, and orange areas, regions with a minor attenuation coefficient. From these images it was possible to observe that the head consisted of different types of structure, 25 such as the void spaces (blue colored areas) including the eyeballs and mouth, and solids parts (orange colored areas) characteristic of the outer shell of the head, particularly well perceived on top of the skull and at neck level.Both the 2D slice obtained in black and white, and the corresponding 3D visuals combined with the 30 software VG Studio Max,allowed accurate metric measurements of the outer shell walls, of an average thickness of 4 mm..
Journal of Analytical Atomic Spectrometry Accepted Manuscript
Cast-material
Micro samples were taken for GC/MS analyse from different parts 35 of the two figurines. Results indicated that the material employed in casting contain mostly beeswax but also natural diterpenic resins, more or less oxidized, and a very low amount of other lipids.
The solvent-soluble fraction was analyzed directly by HTGC- 40 MS after trimethylsilylation. Chromatogram corresponding to a sample collected on the figurine E658 is presented ( Fig. 9a ) as example. Identification of beeswax was based on the presence and the distribution of long chain hydrocarbons (H23 to H31), trimethylsilyl esters of long chain fatty acids (E22:0 to E34:0), 45 and long chain wax esters (W40-W50). The markers observed for the resins were the silylated derivatives of epimanool (R1), larixol (R2) and larixyl acetate (R4), characteristic of Venice turpentine exuded from larches (Larix decidua L.); [40] [41] 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
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Journal Name hydroxy-15 oxo-7-dehydroabietic acid (R6), common to numerous aged conifer resins. [40] [41] Estimation of the relative quantities of resins present in the samples was performed for the different pastes (Table 2) using the relative height of each peak corresponding to a resin compared to 20 the one of the major compound. The rough amount of larch resin compared to that of wax, was also estimated (Table 3) using the ratio between the height of larixyl acetate (R4) and the major trimethylsilyl ester of the wax (E24:0). The readings revealed that, in the two figurines, both the pedestals (samples E657-1 and 25 E658-7) and the uncovered parts of the bodies depicted with a flesh tone (samples E657-8 and E658-8) are the ones which contains very low amounts of resins, irrespective of their specific origin. As this will be further discussed, these parts of the figurines were certainly made of bleached wax. It is believed that 30 resins were ruled out to avoid any alteration of the light color and brightness of this specific cast material. On the contrary, the figurines' body, corresponding to the homespun garment of a dark brown color (samples E658-2, E658-5 and E658-6) readily revealed the high quantities of diterpenic resins, larch resin and 35 pine resin(s) included. Such a mixture of beeswax and resins was likely prepared to increase the melting temperature of the cast material (the melting temperature of beeswax is about 62-65 ºC) and its firmness, thus ensuring its better behavior during casting and after cooling, but also its endurance to a warm climate, 1-4 such 40 as that of Portugal. The major amount of resins within the two samples E658-3 and E658-4, that correspond to the brown layer applied at the very surface of the figurine and the substance employed to keep the girdle in place, respectively, is not surprising. In the former case, it can be perfectly explained by the 45 need to achieve the rough garment with coarsely ground pigment bound in a more resinous medium, and in the latter, to bet on the sticky properties of resins for using them as adhesive.
A preliminary hydrolysis step (methanolysis) was also used to 50 better observe compounds resulting from the oxidation of triglycerides coming from additional oil or fat. Chromatogram corresponding to a sample collected on the figurine E657 is presented ( Fig. 9b ) as example. Identification of beeswax was based on the occurrence of odd-numbered linear hydrocarbons 55 (H21 to H33), methyl esters of long chain fatty acids (E22:0 to E34:0) andtrimethylsilyl ethers of long chain alcohols (A24 to A34) resulting from the cleavage of wax ester bonds, and the presence of very high proportions of palmitic acid. 21 The presence of a very small amount of other lipids was 60 attested but only indicated by the observation of trimethylsilylated glycerol and methylated α,ω diacids, with azelaic acid (D9), resulting from the oxidation of triglycerides with unsaturated acid chains,as major compound.Sterols, very minor compounds generally used to determine the animal or vegetable origin of 65 lipids, were not detected. Detection of azelaic acid is quite common in oxidized vegetable oils, and its abundance is generally compared to the abundance of palmitic acid (A/P ratio) to determine whether the oil is a drying oil (linseed, walnut or poppy oil for example) or an oil that never dries (olive or almond oil, for 70 example). In the current study, it was not possible to use the A/P ratio to know which kind of lipid was employed because palmitic acid mainly originates from beeswax. In an attempt to compare the relative quantities of wax and of other lipids present in the samples, the ratio of the peak areas corresponding to azelaic acid (D9) and palmitic acid (E16:0), was calculated. To exemplify this procedure, Table 4 provides data for samples E657-05, E657-06 and E657-07. It may not reflect the reality because it supposes that the lipids are of the same nature and in the same oxidation state in 40 all samples. For they are very low, the amounts are expressed in percentage.
The compiled results showed that, in the long-lasting figurines under study, materials and techniques were not the only aspects at 45 stake. Aesthetical issues (namely the element, the color and the effect to be depicted) were also to be considered, and were managed by adapting the recipes composition.
Mixtures of beeswax, Venice turpentine and other diterpenoid resin(s) (both in a greater or a lesser quantity), containing also an 50 animal fat or vegetable oil in very low amount, are consistent with recipes related to 'modelling wax' found in technical literature. 4, 26, 32 Noteworthy is the fact that most of the written sources dated up to the midst-18 th century say nothing about the botanical origin of many substances; which greatly confused 55 matters between resin distillates, fresh secretion of coniferous treesandlarch resin (Larix decidua Mill.), since all these compounds were potentially used but designated under the umbrella term of 'turpentine'. 32 At that time, the knowledge of botanists and chemists relied indeed on the unrefined 60 understanding of these products extracted from the Conifer species. In Portugal, recipes that include the specific trade name or marketed product of Venice turpentine are mostly dated from the 19th century onwards. The first mention we found of its use 10 has been published in a later eighteenth-century Anonymous Portuguese book of recipes. 42 As most of the formulae were said to have been compiled in earlier sources disseminated abroad, we assume that beeswax-Venice turpentine-based mixtures were used during the 18th century.
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Joint techniques
XRR and NT, whose interaction modes with matter produce in wax-cast artefacts rather specific and complementary results, were used in an attempt to enlighten the joint techniques.
Butt-joint
In the class of organic artefacts under study, a butt joint is the simplest technique used to hold two members of wax together by heating their edges so that they would fuse. This basic joint relies upon the melting point and sticky property of the cast material to 10 butting the members together. Since this joint merely involves the beeswax-resins-basedsubstance used, a perfect assembly along the edges (at cowl-, waist-, shoulder-, arms-, wrist-and ankle-level), could be perceived neither at naked eye nor by XRR, NR and NT (Figs. 3, 6 ). This means that no air bubbles remained between the 15 parts hold together and that the assembling was performed very carefully.
Wooden loose tenon
In both figurines, a loose tenon (or dowel pin) was observed at 20 neck-level by XRR ( Figs. 7b-7c, 8b ), NR and NT (Fig. 6 ). The use of this tenon, based on the principle of the mortise-and-tenon joint, helps to keep the head firmly in place. A mortise likely drilled within the solid torso and the void existing within the head allowed room for the pin to be inserted into them; although in the 25 upper torso the reading of the pin is hidden by the dense surrounding colored wax. The fact that the loose tenon is transparent to X-rays but somehow opaque to neutrons suggests that it is made of wood. Wood is an organic material of a very low atomic weight but also a hydrogen-rich material, mainly 30 composed of cellulose ((C 6 H 10 O 5 ) n ) embedded in lignin (corresponding approximately to the formula (C 31 H 34 O 11 ) n ). According to the color-coded images and their pseudo-density obtained by NT, and the measurements facilities provided by the software VG Studio Max, it was possible to determine that, in 35 statuette E657, the part of the loose tenon visible inside the head is 25,65 mm high and has 6,32 mm in diameter.
Metal rods
The use of three rods that run through the cores of the figure and 40 the base to ensure their adequate holding were observed in both statuettes by XRR ( Fig. 2b, orange arrows, and Fig. 5 ). The higher the penetrative characteristic of the X-ray beam (60 kV) and the exposure time (600 s), the better the observation of these radiographically dense rods to distinguish them from the 45 surrounding filings (Fig. 5 ). These rods were introduced within the solid saint's body by the interior of the pedestal while this part was still hollowed. The rods were obviously heated first to pass through both the wax-cast elements closely contacting with one another. Only after cooling the rods were able to play the role of 50 fastener. Given that the X-ray images are life-size, the dimensions of the rods were accurately determined: every rod has 2 mm in diameter; they are 5.8, 6.6 and 8.4 mm high in statuette E657; and they are 6.2, 6.4 and 7.0 mm high in statuette E658. On this basis, it was possible to conclude that all the rods were likely cut from 55 the same metal stick, but in irregular pieces that should only be straight and high enough to provide a strong joint. Each group of three rods proved the type of joint very efficient and durable until the present day. As for the filings, the chemical composition of the rods could not be ascertained. As the rods are totally opaque to X-60 rays compared to the loose tenon in the same conditions of examination, they are likely made of iron. In this type of joint, iron was indeed the metal the most in use in wax-cast objects, 38, 43 since no further risk of corrosion within the anaerobic and hydrophobic wax surroundings was expected. 65 
Auxiliary cardboard
Because the base of statuette E657 was damaged and presents a few losses, its examination at naked eye and imaging by means of digital macrographs helped to observe the use of a cardboard, 5.5 70 mm thick, at the bottom, to close the opening (Fig. 2a, layer 2) . The cardboard was cut to the exact diameter of the pedestal bottom and was further coated by pouring lead white-containing wax over it ( Fig. 2a, layer 3) . This outer layer, 40 mm thick, was so perfectly welded to the base circumference that the cardboard 75 underneath remains unsuspected. So if it were not for the gaps existing in the base, this procedure would not be disclosed. The cardboard has an atomic weight too low to be revealed by RXX (Figs. 2b, 5 ) and was not observed by NR because of the pedestal diameter, too large to allow the neutrons penetration through the 80 loaded cast material.
Polychrome effects
Marble-like pedestal
As the bases were counterfeiting a white marble in statuette E657 85 and a light pink marble in statuette E658 (Fig. 1) , the use of bleached wax was expected as cast-material; otherwise, the yellow tone that beeswax has by nature would have predominated in both depiction. This allegation seems to be also sustained by the fact that a very low amount of resins was found in these wax batches 90 (as referred above),likely to avoid any color change by the addition of the yellowish coniferous trees secretions. Bleached wax is known to have been used for artistic purpose at earlier times, especially in Venice. 44 Vasari mentioned it in his treatise for producing small objects. 38 According to Lemery 45 bleaching 95 was performed by melting and pouring beeswax several times in cold water, by exposing thin portions of wax at sun and dew, and by eliminating any impurities with talc.
The EDXRF analysis showed the presence of Ca, S and Pb in both the white and the pink background of the bases (Figs. 10a-100 10b); additionally the element Hg was found in the pink one (Fig.  10b) . The SEM-EDS results provided new information by confirming the association between S and Ca, and by detecting Si. The results gathered by Raman only allowed the identification of white lead as the main pigment used in the two bases and of 105 vermilion (HgS) to achieve the prevailing pink color in the pedestal E658. This confirmed at least that red lead was not part of the mixture. The additional results gathered by µ-XRD allowed to accurately assess the use of Hydrocerussite (with the chemical formula 2PbCO 3 .Pb(OH) 2 ), as the main phase of the white lead 110 pigment employed, and also the presence of high-cristalobalite (βcristobalite SiO 2 ) in place of quartz (SiO 2 ) ( Table 5 ). The latter is a surprising result which came out in every sample analyzed by µ-DRX, irrespective of the colored wax under scrutiny (white pedestal with blue veining, pink pedestal with red veining and 115 brown homespun garment) ( Table 5 ). β-cristobalite is one of the from high temperature geological environments as thermally metamorphosed sandstones that were previously composed of quartz, or silica-rich volcanic rocks 46 , but it may also forms from quartz sand employed in metallurgical activities. Amongst other purposes, sand is known to have been used as source material in 30 specific operations such as casting, shaking out, abrasive blasting, fettling, or furnace installation and repair. Cristobalite forms at temperatures about 1470 ºC. According to Sandford 47 , the inversion of the low to the high form of cristobalite occurred at 250 to 260 °C on heating. In the present case-study, in which 35 casting is a key task, it appears that, the presence of β-cristobalite SiO 2 may be related with quartz sand reclaimed from some molding or foundry applications. 40 According to the technical literature, 38, [43] [44] [45] the flesh tone was obtained by using bleached wax as well and adding mostly two pigments to it: white lead and vermilion in the due proportion to obtain the desired pink color. The very realistic rendering of flesh lies on the fact that bleached wax, slightly colored, reflects light 45 and is capable of imitating to perfection the translucent aspect of the skin; even more in a delicate complexion such as St. Francis'. However, as far as a flesh tone is concerned, the color to be obtained calls for a comparison with recipes found in treatises on painting, 48-51 insofar as the complexion of different characters 50 could present different hues depending on their gender, age, health circumstances (good, delicate, moribund or dead) and status or holiness, to come up to iconographic issues. So other matters could be admixed to the aforesaid pigments, such as clay minerals, ochers, red lead and black pigments (either of a vegetable or an animal origin).
Flesh tone
In situ analysis of the figurines' flesh tone by EDXRF suggested quite complex mixtures. S, Ca, Fe, Hg and Pb were systematically detected in both artworks, irrespective of the 5 uncovered part considered (Fig. 10c) . Analysis by µ-Raman showed that white lead and vermilion were effectively employed but failed to account for the use of other coloring matters. 10 A few losses in the surface of the garment revealed at once, at naked eye, that the brown color chosen for each frock was slightly different: of a darker shade in figurine E657 and of a redder brown shade in figurine E658 (Fig. 3) . Moreover, In figurine E658, the cowl (broken and fairly lost) showed a beige undertone 15 that would have been determined by the means at the artist's disposal at the time he cast this element. Even so, a comparison between the two figurines' brown frocks, performed by EDXRF, showed no significance differences regarding their elemental compositions (Fig. 10d ). As this will be further discussed in the 20 finishing touches, an extra-coat was applied on the garment overall surface of both statuettes to make each frock uniform and the two cast copies very similar. 
Brown foundation materials
Finishing touches
Blue veining and red veining
In both artworks, the marbling has been perfected by using a colouring substance. blue or red, bound in wax and applied in its liquid state. Oil of turpentine was certainly added to the mixture to increase fluidity and handling, but it has evaporated. Fluid 30 brushstrokes of 'paint' were applied randomly over the white or pink background as shown in Figure 11 .
Because of the presence of Fe in the EDXRF spectra obtained from the blue veining of pedestal E657 (Fig. 10a ), Prussian blue was expected and later confirmed by µ-Raman (Fig. 12 ). This blue 35 pigment has been discovered between 1704 and 1707 and widely employed in Europe since 1730-40 onwards. It is clearly quoted in several eighteenth-century books of recipes [52] [53] and its use was verified in polychrome sculptures produced in Portugal, at that time. 54 Prussian blue is an umbrella term for the blue 40 hexacyanoferrate(II) pigments (compounds based around [Fe(II)(CN] 6 ] 4-) which also contain Fe(III), and have different compositions, methods of production and adulterations. To such a point that Prussian blue can contain alumina, chalk, ochers and other earths, starch, sulfate of lime and baryta, magnesia, zinc 45 oxide, etc., [55] [56] [57] [58] [59] [60] which was taken into consideration in the present research.
The analysis performed by SEM-EDS revealed a wider range of elements: besides S, Ca, Pb and Fe, the elements Al, Si, Mg, and Cu were detected in the blue base. By mapping these 50 elements, no relationships between Al, Si, and Mg appeared clearly ( Fig. 13 -Cu not shown here); which suggests that Al may be related with some aluminium oxide, namely alumina (Al 2 O 3 ), and Si with quartz (SiO 2 ). Beside calcite, the mineral corundum and alumina could be encountered in paint as filler, 61 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Journal of Analytical Atomic Spectrometry Accepted Manuscript pigments, such as indigo for example, was ruled out for indigo was not identified by µ-Raman. Further analyses on individual points were performed in an attempt to sustain the fact that talc, which is a mineral composed of hydrated magnesium silicate with the chemical formula H 2 Mg 3 (SiO 3 ) 4 or Mg 3 Si 4 O 10 (OH) 2 , could be 5 present by its own. This was hardly assessed, since Mg and Si seem to have no connection in elemental mapping. As magnesium was also part of the adulterants found in some Prussian blue preparations, 61 the presence of Mg seems justified. The low detection of Cu in the pedestal by EDXRF cast doubts 10 about the use or not of a copper-based pigment, such as azurite, a copper carbonate of a blue color with the chemical formula Cu3(CO3)2(OH)2. Analysis by SEM-EDS was performed in an attempt to assess if azurite, apart from Prussian Blue, was selected to achieve the veining on the blue marble-like pedestal (statuette 15 E657). Although the result showed in fact the presence of multiple tiny copper-containing particles, it is difficult to be definite on their color and identify them as azurite. Bearing in mind that the finest the grinding of azurite, the highest the pigment loss of color, the tiny size of the particles and their optical properties seem to 20 belie the intention by the artist of coloring the base with a costly blue pigment while this pigment will be poorly perceived. In this particular case, it seems that the detection of Cu is more likely to be related with a copper-based material, such as the waste copper powder already used as filings within the statuette, or present in 25 the atmosphere of a metalworking workshop.
In an attempt to find more answers, analysis was performed by µ-XRD. Regarding Prussian blue, particles tend to clump in amorphous aggregates so the identification of the pigment by this method was not expected. 62 [1] An unexpected result came out 30 from the fact that ultramarine blue was found, not only in the blue color of the veined marble ( Table 5 , sample E657-20) but also in the other waxes colored pink and brown ( Table 5 , samples E657-21, E658-22 and E658-23). The crystalline phases of lazurite, sodalite, haüyne and diopside were detected in the diffractograms. 35 Lazurite, the naturally-occurring blue mineral and rock type found in lapis lazuli is member of the sodalite group. It is a sodic-calcic aluminosilicate sulfate mineral with the chemical formula (Na,Ca) 8 [(Al,Si) 12 O 24 ](S,SO 4 ). 61 Haüyne is a feldspathoid mineral which also belongs to the sodalite group, being closely related to 40 lazurite. It has a similar composition and structure to a feldspar but differs in that it contains less silica. Haüyne has composition (Na,Ca) [4] [5] [6] [7] [8] [Al 6 Si 6 O 24 ] (SO 4 ,S,Cl) 1-2 and is commonly blue in colour, although white haüyne can also be found. 61 The lazurite artificial variety, called ultramarine, is essentially a three- 45 dimensional aluminosilicate lattice with a sodalite structure containing entrapped sodium ions and ionic sulfur groups. In its simplest form ultramarine has a basic lattice unit of Na 7 Al 6 Si 6 O 24 S 3 . 61 All these compounds possess an identical crystal structure and are hardly distinguishable one from another. 50 At this point, it is advisable to recall that the natural mineral lazurite has been found in European illuminated manusripts and paintings between the fourteenth and the nineteenth century, [63] [64] but it was highly-prized and costly. As for the synthetic ultramarine, its systematic fabrication commenced only in the 55 years 1828-1830 after the discoveries by the French Guimet and the German Gmelin of a workable method to intensively produce the pigment. 61, 64 The question of which variety of the blue pigment was employed in the figurines E657 and E658 is obviously a matter of interest. The use of artificial ultramarine 60 would of course imply that the figurines, branded with the Rococo style and presumably cast during the 18th century, would be realizations of a later period; which would question their dating. With regard to the genuine mineral lazurite, it is worth noting that, on one hand, the traditional method to refine lapis lazuli consisted 65 in kneading the coarsely ground mineral lapis lazuli in a dough of molten wax, resins and oil under water or lye of beechwood ashes; the blue lazurite particles were then preferentially washed out and collected, the unwanted minerals largely remaining behind. [48] [49] 65 Different stages would thus give grades of variable quality. On the 70 other hand, the intense blue color specific to lazurite is hardly perceived, either at naked eye or with stereoscopic microscope, in the blue veined pedestal, especially where it was supposed to contribute to the color blue. Therefore, the particles of pigment present within the wax would be from a lower grade, and 75 eventually from the poorest, which came to the name of 'ultramarine ashes'. As the pale-colored end-product of multiple extractions from lapis lazuli, ultramarine ashes would mainly consist in diopside, one of the colorless mineral congeners of lazurite. 66 So, given (a) the difficulty in visualizing the ultramarine 80 tone in the pedestal (and in any other elements in which lazurite was found); (b) the detection of lazurite and also diopside as mineral impurity associated with the mineral pigment; 67 and (c) the high chemical compatibility between the traditional 'dough' method to obtain different grades of lazurite and the wax-resin- 15 based material employed to cast the figurines, one wonders if waste wax with which lapis lazuli was mixed would have been reclaimed. The remaining lower-grade pigments extracted from it would have been used in the blue color, and the wax itself, further recycled in the present artworks. This would explained the 20 identification of the genuine pigment, intentionally utilized at lower cost in the blue veined marble and inadvertently present in parts diversely colored of the statuettes.
As to the pedestal of the statuette E658, EDXF results showed 25 that a mercury-based pigment was used to achieve the red pattern (Fig. 10b ). The result gathered by µ-Raman confirms that vermilion was the favourite material employed to produce both the pinkish ground and the veining applied over it (Fig. 12 ). The analysis performed by SEM-EDS revealed the presence of Si and 30 Cu in this red base (not provided here). As in the blue pedestal, βcristobalite SiO 2 was put in evidence by µ-XRD (Table 5 , sample E658-22). Whatever the pedestal final color, the analyzes provided no valid answer regarding copper. Its presence seems to rely upon the same contaminated environment of a metalworking 35 workshop, as referred for the other figurine.
Matte gilding
The decorative Rococo motifs which frame the two pedestals were achieved with a reflective coating of a yellow metallic luster ( Fig.   40 11). Records obtained from micro-samples observed by stereoscopic microscopy showed that gold leaf was laid over a brown translucent substance (Fig. 14a) , likely a mordant used in the oil gilding technique. [68] [69] This technique is particularly suitable to gild on wax (due to the high chemical compatibility 45 between oil and beeswax), with the very well known limit that gold leaf cannot be further burnished, thus producing a final matte gilding. Records obtained by SEM imaging (BSE) on the samples longitudinal section (Fig. 14b ) confirm that tiny fragments of hand-beaten gold leaf were used to perform the raised gilded 50 surfaces ( Fig. 14c ). SEM-EDS results revealed that, in both statuettes, a ternary gold alloy (Au-Ag-Cu) was employed ( Table  6 ). On the basis of the quantitative analysis (expressed in percentage of weight -wt%) done several times on each sample, the gold leaf from the figurine E657 matches a 23 ct gold alloy, 55 and the gold leaf from the figurine E658, a 22,5 ct gold alloy. Although the difference between the two alloys is fairly slight, it is sufficient to affirm that two batches of gold were used. The reason for this occurrence, either due to the access to certain gold products and not others, or to a deliberate choice by the painter-60 gilder in charge (for an aesthetic or an economical issue, for example), is not clear. In any case, it seems that this result is not fortuitous, since the gold purifying procedures were totally mastered in the second half of the 18th century, and the gold grade was consequently a matter of the utmost control, as much in 65 Portugal 70-71 as in the neighboring countries. [72] [73] With regard to the substance which allowed the gold leaf to be attached to the bases, its record on a sample cross-section by SEM imaging at high magnification ( Fig. 15 ), allowed inorganic particles of very different sizes and atomic weights to be put in 70 evidence within the organic matrix. On the basis of their analysis and elemental mapping by SEM-EDS ( Fig. 15 ), quartz (Si+O), ochres (Fe+O), alumina (Al+O), fine clay (Al+Si) and calcite (Ca+O)were identified. This result clearly showed that the mordant composition was more complex than first expected while 75 looking at the fairly translucent aspect mordant has in stereoscopic micrographs (Fig. 14a ). This suggests that the composition of the mordant might result from a waste drying oil reclaimed from the 'pincelière' (container where the brushes used in oil painting were put to soak in oil), the so-called 'or de couleur' according to 80 Lebrun 74 andCorneille. 75 This size for oil gilding, quite viscous, was one of the most estimated, for its quicker drying during the gilding task. Although the accelerated chemical reaction of oil polymerization in the presence of metallic oxides was not understood at that time but only empirically verified, it was 85 commonly employed by gilders over centuries 69 until marketed products sold under the name of 'mixtion' appear as ready-to-use mordants. 76
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Brown habit and brown hairs
Beside the finishing touches performed on the pedestals, the latest layer to have been applied to the statuettes concerns St. Francis' 40 homespun. Aiming at giving the frock a homogeneous tone able to hide the different colour some casting parts may have had (as seen above - Fig. 3 , back view of figurine E658), and a rough texture, a brown paint layer containing coarsely ground particles was 45 applied to the garment overall surface (Fig. 3) .
As far as the brown color is concerned, quite the same elements were detected by EDXRF on the saint's hair, beard and frock in both artworks (Figs. 10e-10f): S, Pb, K, Ca, Mn, Fe, Cu and Hg. The main difference between the figures' brown habit and brown 50 hair lies in the fact that the artist made use of manganese dioxide in the frock but not in the hair, as shown in Figs. 10e and 10f . Elemental analysis, performed on the available frocks samples areas (longitudinal sections) by SEM-EDS, was essential to put in evidence the presence of Al, Si and P, and to confirm the presence 55 of Cu (Fig. 16) ; which raised the question about the use or not of aluminosilicates as fine clays, of bone black as a black pigment containing hydroxiapatite, and of a copper-based compound. Point analysis enabled the identification of manganese-rich tiny particles. Elemental mapping by SEM-EDS was essential to show 60 the combination existing between these elements, and by comparison with color images of the same samples obtained by stereoscopic microscopy, to indicate the potential use of manganese dioxide (Mn+O), iron oxide and hydroxide (Fe+O), aluminosilicates (Si+Al), quartz (Si+O), bone black (C+P), 65 vermilion (Hg+S), white lead (Pb), calcium sulfate (Ca+S) and calcium carbonate (Ca alone). Micro-Raman partially succeeded in the identification of the colouring agents used to produce the brown shade, since no other spectra apart from vermilion, hematite and carbon black were obtained (Fig. 17 ). Further 70 analysis carried out by µ-XRD gave a partial complementary result, insofar as cerussite was the crystalline phase identified in one statuette (E657); the aforesaid β-cristobalite (SiO 2 ) was also found in both the frocks; and the unexpected presence of the above-mentioned lazurite plus diopside (E657) or haüyne (E658) 75 were revealed in the brown batches of wax. A new outcome, in the form of Hercynite (with the formula FeAl 2 O 4 ) in statuette E658 ( Table 5 , sample E658-23), would tend to confirm the importance a metalworking workshop obviously had in the context of production of multiples wax-cast copies. Although 80 hercynite is an iron aluminium oxide spinel mineral, it may also originate from dross (the technical term for iron slag) produced in the smelting processes of iron ores to be chemical and physically transformed into metal. 77 In the present case-study, hercynite can be related with scories/slag, a waste product found in iron ores 85 smelting sites, such as the well established close to the S. Domingos mines 78 and Torre de Moncorvo mines, in Portugal, or in furnace from forge workshops for example. The fact that hercynite was not detected by µ-Raman can be explained by the fact that the Raman lines are limited to 200 cm -1 and 800 cm -1 , the 15 intensities of which are reported to be weak. [79] [80] Although the presence of Cu in all EDXRF readings may be explained by the instrument set up, its detection within the microsamples by SEM-EDS (as shown in Fig. 16 ) indicated that Cu originates from the artworks themselves, from one or more 20 specific copper-based compounds: (a) from an impurity in the form of cuprite, a copper(1) oxide with the formula Cu 2 O, associated with a variety of iron oxide minerals, as it has been demonstrated for compounds sourced in Portugal 81 and other regions of Europe. [82] [83] As the crystals of cuprite have a ruby-red to 25 a nearly black shade, their presence would not interfere with the color of the pigment iron oxide, effectively used to give the figurines' habit and hair their specific reddish brown tone. The presence of cuprite would indicate that the pigment red iron oxide would have been used in the raw or in a less refined form; (b) 30 from another copper-based pigment intentionally mixed with the coloring matters already ascertained within the brown wax. It concerns the synthetic pigment called 'Hatchett's brown' or 'Prussian brown', a di-copper-hexacyanoferrate (II) hydrate (Cu 2 Fe(CN) 6 .xH 2 O), commonly designated as copper ferrocyanide 35 in the literature. 61 The context of production of this artificial pigment is fairly known. It was synthesized by a certain Mr Jos. Humes in the latter 18th century (maybe the latest two decades) but officially declared as a pigment suitable for painting in 1802, by Mr Hatchett 84 to whom the fabrication of the pigment was 40 attributed. Because this information was widely disseminated in the subsequent years, [85] [86] Hume asserted the discovery of the pigment in 1805 87 but with no more success. In case the pigment di-copperhexacyanoferrate (II) hydrate (Cu 2 Fe(CN) 6 .xH 2 O) was effectively part of the admixture employed in the habit, its usage 45 would constitute a terminus post quem and assist dating the statuettes, the production of which could not have occurred before the last quarter of the 18 th century; (c) from a contaminating agent in the form of waste powdered copper, since filings were used to produce the core of the figurines' body. A more extended 50 contamination might be also expected from impalpable copper dust present in the specific environment of a workshop specialized in metalworking. As for the blue veining evidencing the detection of Cu, the analyses carried out in the brown areas provided no valid answer regarding copper. 55 By cross-checking these results, it appeared clearly that the colors of the brown areas were prepared with quite complex mixtures but difficult to ascertain, even by complementary spectroscopic techniques. It seems that the brown colors were obtained with a number of black matters, earth pigments ranging 60 in color from dark brown to yellow, and vermilion. Although the former were numbered among the cheapest, 76 some were well reputed such as the Portuguese ochers, 48 and vermilion was part of the pigments particularly available in Portugal since earlier times. 88 The white compounds (white lead, gypsum and calcite) 65 were likely employed as fillers and opacifiers.
Extra-materials
Glass eyeballs
X-ray radiography put in evidence the insertion of eyeballs within 70 the orbits (Figs. 7b-7d, 8b) . These superadded devices are made of glass as it was in usage in Portugal since the 17 th century onwards, when 'postiche eyes' were used in polychrome sculpture to give the characters a more realistic stare (Figs. 7a, 8a) . 89 In the two pairs of eyes considered in this research, each eyeball presents a 75 peduncle. It corresponds to the stalk (or button) which assured the proper connection of the molten glass to the pipe and remained on the working end of each ball after manufacture. A surprising result came out from the fact that the eyeballs are made of hand blown glass in statuette E657 and of solid molded glass in statuette E658. 80 
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Journal Name In the former, the X-ray images put in evidence the void existing within the balls and the buttons, as shown by the difference of density in these elements (an evidence accentuated while 30 increasing the penetrative power of the beam) ( Figs. 7b-7c) ; while in the latter, the eyeballs and the buttons remained totally opaque to the radiation (Fig. 8b) . 35 Amongst the artefacts used to achieve the most astonishing likeness, the artist chose to imitate the knotted girdle the friar worn by using similar material at a reduced scale (Figs. 1, 3) . By also using materials coarsely ground in the brown surface of the figurines' frock to imitate a coarse woollen stuff, the artist 40 clearly revealed his intent to produce a strong tactile effect, close to what one would expect of a true homespun garment (Fig. 3) . However, this effect is achieved slightly differently. On figurine E657, natural fibers cut in little pieces were applied on the frock after the brown extra-coat application. As no binding medium 45 seems to hold them in place, it was concluded that the coating underneath, richer in resins (already analyzed by GC/MS, sample E658-3) was used at its tacky stage for the fibers to be attached at the very surface. This procedure proved certainly efficient on the short-term, but as most of the fibres have been rubbed away from 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 the high points, the long term stability of this technique is questionable. The intentional absence of fibers on figurine E658, which should not be confused with such decay, was verified at high magnification and under UV illumination. The natural fibers, that can be identified by their bluish fluorescence on figurine 5 E657, are not present on figurine E658 (Fig. 18 ).
Thin twisted cord and fibers
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Varnish
Both pedestals have a glossy surface. While this could have been achieved as a result of the blending process used at the painting 10 stage for the veining and described above, or by polishing with a wet cloth, as describe in the sources, 2-3 it is in fact due to the application of a resin-based varnish. The resinous layer now appears slightly yellowish in hue due to its ageing (Fig. 11 ). Under UV radiation it has a greenish fluorescence (Fig. 18 ). The 15 varnish is missing on E658 where a label was previously adhered (Fig. 18b2 ).
Conclusions
The complementary techniques set in this study proved suitable to have an overview on the way the two figurines were 20 manufactured.
The results confirmed that the two figurines are the exact copies of a model. As much their casting as their assembly and finishing were based on the same technologies. Given that the materials used and their implementation are very similar at these 25 three stages, it is reasonable to assert that the two objects were produced in the same workshop. The cast-material chosen for materializing the figurines, by using mixtures of beeswax, Venice Turpentine, other diterpenoid resins and a low amount of lipids, and the pigments and opacifiers used to color the different 30 constitutive parts, conformed to the eighteenth-century materials and recipes. The full range of coloring matters, ascertained by complementary analyses, points inorganic pigments perfectly known at that time and well registered in Portuguese sources 76 : earth pigments including clays (iron-rich alumino-silicates, 35 referred under the generic term Bolo Armenia); hematite (red iron oxide, the so-called almagre); yellow ochers (Iron hydroxide, also designated as Ocar, available in the light and dark varieties); raw umber (dioxide of Manganese, referred as Sombra or Sombra de Cintra); vermilion (litterally vermelhão); bone black (carbon- 40 based pigment containing hidroxyapatite (recorded under both names of Negro de osso and Negro de marfim 90 ), white lead (here used in the form of cerussite and hydrocerussite, called alvaiade), gypsum (Gesso), calcite or chalk (a more rarely mineral used in the palette, referred as Giz or Cré), the latter white compounds 45 having likely been employed as fillers and/or opacifiers. As to the finishing touches, perfectly effective means of representing the delicate St. Francis' complexion, the rough cloth and the polished marble-like pedestal were used to achieve the different textures and create a stronger contrast between poor and magestic 50 materials. The techniques exactly met the astonishing realism that the Rococo period sought to produce.
In this study, a number of results may also seem rather unexpected, especially if the materials found are examined separately, but their detection make sense while considered as a 55 whole. On one hand, the presence of cristobalite in every batch of wax, of filings within the figurines' body, and of hercynite in one brown paste (sample E658-23), strongly relies upon materials originating from metallurgical activities, the former as a possible thermal alteration product of silica sand, the second as waste 60 material remaining from metalworking tasks, and the latter as iron slag. These findings are not so surprising in the context of production of the statuettes, in which molding, casting and foundry applications were basilar. On the other hand, the systematic detection of diverse grades of lazurite in every 65 statuettes' constitutive parts, irrespective of their color, seems directly related with raw material handling or some type of recycling, likely of the wax employed in the 'dough' method to fabricate the mineral blue pigment lazurite. Bearing in mind the prohibitive cost of this genuine variety of ultramarine, its extent 70 use would not make sense if it were not due to a contaminating process. As neither evidence nor rational explanation was found regarding the presence of copper quite everywhere in the two figurines, one wonders until which point this element would also originate from some beeswax used in the lost-wax technique and 75 in close contact with copper -thus another reclaimed material from other casting procedures-; or from copper dust simply existing in the workshop environment. All these practices seem to indicate a well organized workshop and valuable economic principles applied without affecting the aesthetic and durability of 80 the final products.
Last but not least, in an eighteenth-century 'mass production' of figurines, based on multiple copies made of colored wax, it should be recalled that a rigorous division of tasks was expected to guaranty both quality and quantity. Such a production would 85 rely upon the activity of, at least, a wax founder, an assembler and a painter -the latter taking also charge of gilding-, according to the artistic trades and their regulations registered in Portugal since earlier times. [91] [92] [93] At this point, it seems that a distinct craftsman was indeed responsible for the casting and the assembling task, 90 each one applying the same recipes and techniques in copies, as a matter of routine. Even so, regarding the finishing stage, every difference found on the two artworks -the veining of the marblelike pedestal painted blue (E657) or red (E658), the gold leaf of a higher (E657) or a lower (E658) grade, the final textured effect of 95 the frock obtained with (E657) or without fibers (E658), and the use of blowing eyeballs (E657) or molded solid eyeballs (E658)suggests that each figurine was achieved by a different painter; and that each painter worked in a specific collaborative network, including at least a goldbeater and a glassmaker, to get supplies of 100 the materials and accessories he needed from these crafts. Anyway, it will be difficult to be definite on whether the two figurines were part of the same batch or not, and which one was cast first. In fact, two hypotheses arose from this research: 1) the two copies resulted from an intense workshop activity at a given 105 moment, thus involving several collaborations at the same time to produce one batch of dozens of copies; or 2) the two copies resulted from a smaller workshop with less outcomes but working over several years (if not decades), in which two painters may have been in charge one after another and were compelled to use 110 the materials available at their time to achieve a batch on hand.
Irrespective of their time of production, the concrete aspect of the figurines under study gives evidence of two possible plastic and chromatic versions of the same subject, certainly to meet a large demand and different tastes. radiographs courtesy. Agnès Le Gac is greatly indebted to Pedro Sousa, for having produced the figurines traditional X-radiographs on purpose for this research and for his dedicated collaboration. [1] Srivastava and co-workers 62 demonstrated that, at a nano-scale, the microstructural features of Prussian blue, while produced at present and 40 prepared as very thin film, consists mostly in an amorphous phase which contains crystalline structure (nano-grains) in some regions. In the present conditions of analysis by XRD, since the pigment is embedded in wax and highly dispersed within the organic cast-material, the identification of Prussian Blue was not expected. 45 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Journal of Analytical Atomic Spectrometry Accepted Manuscript Journal of Analytical Atomic Spectrometry 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
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